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SERVO PATTERN OF A TAPE STORAGE
MEDIUM

FIELD OF THE INVENTION

The present invention relates to a tape storage medium, a
tape drive, and a method for operating a tape drive for reading,
and/or writing data from/to a tape storage medium.

BACKGROUND

Tape storage media typically comprise servo iformation
prerecorded 1n one or more of dedicated servo bands that
extend next to data bands for storing data, which servo bands
extend 1n a longitudinal direction along the tape medium. A
servo band typically 1s read by a dedicated servo reader of a
tape head of a tape drive, into which tape drive a cartridge
containing the tape storage medium 1s mserted to. The read
servo information allows for determining a lateral deviation
of the tape storage medium from a reference position, which
reference position 1s desired for correctly reading data from
and writing data to the tape storage medium by dedicated data
readers and writers of the tape head. A position error signal
representing the lateral deviation will be translated into a
control signal for an actuator for controlling a lateral position
of the tape head with respect to the tape medium.

BRIEF SUMMARY OF THE INVENTION

According to an embodiment of a first aspect of the present
invention, a tape storage medium 1s provided comprising at
least one servo band along a longitudinal extension of the tape
storage medium for supporting to determine positional infor-
mation. The servo band comprises a set of servo tracks
extending along the longitudinal extension of the tape storage
medium and arranged next to each other. Each servo track of
the set contains a servo pattern with a pseudo noise sequence
of symbols, wherein pseudo noise sequences of servo patterns
of adjacent servo tracks are different from each other. The set

ol servo tracks contains at least three servo tracks with dii-

ferent pseudo noise sequences.
In embodiments, the tape storage medium may comprise

one or more of the following features:

for each servo track, the set the magnetic transitions in such
servo track represent a periodic wavelform when being
read;

the periodic wavetforms of adjacent servo tracks are
orthogonal to each other 1n the time domain;

a maximum length of a pseudo noise sequence 1n any of the
servo tracks 1s less than 100 um;

a maximum length of a pseudo noise sequence 1n any of the
servo tracks 1s less than 20 um;

amaximum length of a pseudo noise sequence 1n any of the
servo tracks 1s less than 10 um;

a maximum length of a pseudo noise sequence 1n any of the
servo tracks 1s less than 2 um;

additional information 1s encoded 1n the servo pattern of
one or more servo tracks which additional information 1s
one or more of: longitudinal position information,
manufacturing information, a servo band identifier, a
servo track subset identifier:

the additional information 1s encoded 1n the servo pattern
of each servo track of the set;

all the additional information as listed above 1s encoded
into the servo pattern of each servo track of the set;
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2

the additional information 1s encoded 1n the one or more of
the servo tracks by one or more of amplitude modula-
tion, phase modulation, polarity modulation, on-oif key-
Ing;

the additional information 1s encoded 1n one or more of the
servo tracks by one or more additional pseudo noise
sequences 1nterleaved with the pseudo noise sequence
which 1s characteristic for the servo track;

cach pseudo noise sequence comprises a sequence of

binary symbols;

cach servo track contains a periodic repetition of the

assigned pseudo noise sequence.

According to an embodiment of another aspect of the
present mnvention, a tape drive 1s provided for reading and/or
writing data to/from a tape storage medium, preferably to a
tape storage medium according to any one of the preceding
embodiments. The tape drive comprises a tape head contain-
ing at least one servo reader assigned for reading from the
servo band, wherein a width of the servo reader orthogonal to
the longitudinal extension of the tape storage medium when
arranged 1n the tape drive 1s at least a width of a servo track 1n
the servo band orthogonal to the longitudinal extension of the
tape storage medium.

In embodiments, the tape drive may comprise one or more
of the following features:

the width of the servo reader 1s equal to the width of a servo

track 1n the servo band;

the width of the servo reader 1s more than the width of a

servo track 1n the servo band and 1s not more than twice
the width of a servo track 1n the servo band.

According to an embodiment of another aspect of the
present invention, a method 1s provided for operating a tape
drive for reading and/or writing data from/to a tape storage
medium according to any one of the preceding embodiments.
The servo band 1s read by a servo reader preferably of a tape
head. A lateral position value of a tape head containing the
servo reader relative to the tape storage medium 1s determined
from a readback signal of the servo reader. A lateral position
of the tape head 1s adjusted dependent on the lateral position
value.

In embodiments, the method may comprise one or more of
the following features:

determining the lateral position value includes 1dentiiying

one or more pseudo noise sequences in the readback
signal of the servo reader;

the readback signal of the servo reader 1s filtered by apply-

ing correlation operations for determining the lateral
position value;

one or more ratios are built from energies of different

pseudo noise sequences 1dentified and the lateral posi-
tion value 1s derived from the one or more ratios;

the lateral position of the tape head 1s adjusted by a control

signal that 1s updated each time a new lateral position
value 1s determined.

According to an embodiment of a further aspect of the
present invention, a computer program product 1s provided
comprising a computer readable medium having computer
readable program code embodied therewith, the computer
readable program code comprising computer readable pro-
gram code configured to perform a method according to any
of the previous embodiments.

It 1s understood that method steps may be executed 1n a
different order than listed 1n a method claim. Such different
order shall also be included in the scope of such claim as 1s the
order of steps as presently listed.
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Embodiments described in relation to the aspect of write
head shall also be considered as embodiments disclosed in
connection with any of the other categories such as the
method.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention and 1ts embodiments will be more fully
appreciated by reference to the following detailed description
ol presently preferred but nonetheless 1llustrative embodi-
ments 1n accordance with the present invention when taken in
conjunction with the accompanying drawings.

The figures are 1llustrating:

FIG. 1 a top view on a portion of a servo band of a tape
storage medium according to an embodiment of the present
imnvention,

FIG. 2 a top view on a portion of tape storage medium
according to an embodiment of the present invention,

FIG. 3 a top view on a portion of a servo band of a tape
storage medium according to an embodiment of the present
invention, and related diagrams,

FIG. 4 a top view on a portion of a servo band of a tape
storage medium according to another embodiment of the
present invention, and related diagrams,

FIG. 5 a top view on a portion of a tape storage medium
according to a further embodiment of the present invention,

FIG. 6 a flowchart representing a method for operating a
tape drive according to an embodiment of the present mnven-
tion, and

FIG. 7 a block diagram of selected items of a tape drive
according to an embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

As an imtroduction to the following description, it 1s first
pointed at a general aspect of the invention concerning a tape
storage medium, a tape drive, and a method for operating a
tape storage medium.

A tape storage medium for storing data—also abbreviated
as tape —, and 1n particular a magnetic tape storage medium
may be arranged in a cartridge which cartridge may be
inserted into a tape dnive for reading data from the tape
storage medium and writing data to the storage tape medium.
The tape storage medium has a longitudinal extension and a
width orthogonal to its longitudinal extension. The tape 1s
wound onto one or more reels which are driven by the tape
drive 1n order to make the tape pass by data readers and
writers of a tape head for reading and/or writing data from
and/or to the tape storage medium. The tape storage medium
typically 1s preformatted with servo information. This servo
information in form of servo patterns enables a servo reader
of the tape head during reading and/or writing data to pick up
servo information as to a lateral position of the tape head with
respect to the tape storage medium, which lateral position 1s a
position orthogonal to the longitudinal extension of the mag-
netic tape storage medium. Such position information may be
converted 1nto a control signal for the tape head to laterally
re-adjust 1n case a deviation from a lateral reference position
1s detected which lateral reference position 1s desired to be
maintained by the tape head for correctly reading data from
and writing data to the tape by the dedicated data readers and
writers. The deviation signal, also denoted as position error
signal (PES), 1s typically supplied by a servo channel pro-
cessing a readback signal from the dedicated servo reader of
the tape head and may be translated into a control signal for an
actuator for controlling the lateral position of the tape head
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4

with respect to the tape. Given that in one embodiment the
servo reader and the data readers and writers are mechanically
coupled and can commonly be actuated by the actuator, a
rapid correction of the tape head deviation may be achieved
during reading and/or writing data from and/or to the tape. It
1s understood, that the term tape head may also refer to a tape
head module into which one or more servo readers and data
readers and/or writers are mechanically coupled while at the
same time there may be additional tape head modules con-
taining other servo readers and data readers and/or writers are
mechanically coupled which tape head modules may indi-
vidually be controllable in their lateral position.

The servo patterns typically are preformatted, e.g. by the
tape manufacturer, on dedicated areas of the tape, also
denoted as servo bands extending along the longitudinal
extension of the tape. The one or more servo bands extend
next to data bands for storing data. Each data band may
contain multiple data tracks, wherein each data track 1s pro-
vided for sequentially storing data. Servo imnformation may
take a shape different from data.

In a preferred embodiment, the tape storage medium com-
prises at least one servo band. In case of multiple servo bands,
it 1s preferred that each servo band contains the structure with
the multiple servo tracks as will be explained 1n more detail in
the following. In particular, each servo band may then contain
the 1dentical servo information except for servo band or servo
track specific information such as the servo band identifier 11
any.

The servo band contains multiple servo tracks adjacent to
cach other extending along a longitudinal extension of the
servo band, 1.e. along a longitudinal extension of the tape
storage medium. Such multiple servo tracks may contain
different servo patterns which allow for a precise position
control. In one embodiment, the servo band may contain at
least three servo tracks adjacent to each other. Preferably, the
servo tracks adjacent to each other contain different servo
patterns. Given that the tape storage medium typically 1s a
magnetic storage medium, the servo pattern in each servo
track 1s represented by magnetic transitions along the servo
track. Such magnetic transitions represent a waveform 1in a
readback signal of an assigned servo reader when such servo
pattern would individually be read. In this context 1t 1s empha-
s1zed, that the waveform resulting from a servo pattern 1n an
individual servo track shall encompass a representation of the
subject signal 1 both, the time domain and the frequency
domain.

In case such servo band 1s read by a servo reader with a
width being at least the width of an 1individual servo track in
this servo band—and preferably less than an accumulation of
the widths of all servo tracks—such servo reader may either
provide a readback signal with a single waveform originating,
from a single track only 1n case the servo reader 1s exactly
positioned over the center of one of the tracks and as such
exclusively covers this track and provided 1ts width 1s equal to
the width of a servo track, or provide a readback signal con-
taining two or more different wavetorms originating from two
or more tracks when the servo reader covers these two or more
servo tracks at least to some extent which may be the case
when 1ts width 1s equal to the width of a servo track and 1s the
case when its width 1s more than the width of a servo track.
The subject wavelorms then overlap in the readback signal of
the servo reader and, in other words, the readback signal of the
servo reader may be composed of two or more overlying
different wavelforms stemming from magnetic transitions of
adjacent servo tracks the servo reader currently scans. For
allowing to determine which waveforms are present 1n a
readback signal of the servo reader, 1t 1s preferred that the
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wavelorms of adjacent servo tracks are orthogonal to each
other. This means, that the waveforms and hence the under-
lying servo patterns in at least two adjacent servo tracks are
distinguishable when being present 1n a common signal or
channel at least 1n one of the time domain or the spectral
domain such that by applying an appropriate analysis in either
of the domains, the wavetorms contained in the readback
signal can be identified.

Given that overall at least three different wavetforms are
used in the servo tracks, it 1s preferred that each waveform 1s
orthogonal to each of the other waveforms used.

Orthogonality in multichannel signal transmission prefer-
ably 1s fulfilled 11 a product of the spectrum or a correlation of
the time function of the subject waveform with a waveiorm in
an adjacent track 1s zero. This means, that a cross-correlation
between any two different waveforms preferably 1s zero
cither 1n the time domain or in the spectral domain for all
different wavetorms applied such that the wavetforms prefer-
ably used 1n the different servo tracks, and hence their under-
lying magnetic transition schemes defining the different servo
patterns are preferably orthogonal.

In one embodiment, the wavelorms represented by the
underlying servo patterns of different servo tracks are char-
acterized in the time domain by different defined pseudo
noise sequences in the subject servo track. Specifically, a
pseudo noise sequence comprises a sequence of binary sym-
bols and as such a defined bit pattern of a given length of
binary symbols. A pseudo noise sequence may be defined as
a sequence that has a spectrum similar to a random sequence,
but 1s deterministically generated. A pseudo noise sequence
may be e.g. generated by means of a maximum length
sequence (MLS) generator. The pseudo noise sequence
assigned to a servo track preferably 1s periodically repeated
along the servo track such that each servo track contains a
repetition of the assigned pseudo noise sequence. The pseudo
noise sequences of different servo tracks may be aligned in
phase or offset 1n phase, 1.e. a pseudo noise in one servo track
may start at a different time than a pseudo noise sequence in
another servo track. The symbols of pseudo noise patterns of
different servo tracks may be aligned in phase or ofifset 1n
phase. The wavelorms of the different bit patterns used are
orthogonal 1n the time domain which qualifies as suitable
wavelforms. The readback signal of the servo reader then
preferably 1s analyzed 1n the time domain.

The at least three pseudo-noise sequences used are prefer-
ably characterized by good cross-correlation properties. Such
sequences 1n one example may be Gold sequences.

In an alternate embodiment of the invention, the at least
three different pseudo noise sequences used may originally
be derived from a single pseudo noise sequence with good
autocorrelation properties. Such pseudo noise sequence may
include Barker codes, complementary sequences or maximal
length sequences. In this embodiment, the servo patterns of
two adjacent servo tracks are written with the same pseudo
noise sequence, however, with a phase offset and/or opposite
polarities. Still the pseudo sequences of the different servo
tracks are considered to be different given that their wave-
forms are distinguishable 1n the readback signal. An advan-
tage of this scheme 1s that a detector may include only a single
sequence correlator. The output signal of this correlator may
show pairs of peaks that are spaced 1n time according to the
pseudo noise sequence phase olfsets between adjacent tracks
read by the servo reader and/or pairs of peaks with opposite
polarity. The amplitude/magnitude values of the correlator
output peaks (peak pairs) can then be used as described below.

The underlying servo patterns arranged in the different
servo tracks may preferably belong to a class of energy based
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servo (EBS) patterns. I1 such servo patterns of multiple servo
tracks are read by a single servo reader covering multiple of
the servo tracks while reading, the readback signal from the
servo reader provides different energies of the different
pseudo noise sequences present 1n the readback signal subject
to the coverage of the different servo tracks. By means of
estimating and/or evaluating the energies of the different
pseudo noise sequences 1n the readback signal and specifi-
cally by building ratios between the various energies, a lateral
position of the servo reader can be determined with respect to
the tape. In case a data reader for reading data and a data
writer for writing data are mechanically coupled with the
subject servo reader, any lateral deviation of the subject servo
reader detected by reading the servo band also 1s valid for the
data reader and the data writer. Hence, any lateral actuation of
the tape head including the subject servo reader, the data
reader and the data writer may correct for the detected devia-
tion and bring the data reader and the data writer back on their
desired lateral positions.

The servo band preferably is reserved for servo patterns
aiming at fast and granular acquisition of lateral position
information. The servo patterns preferably have an inherent
high density of magnetic transitions—this 1s why these servo
patterns here also are referred to as high density patterns—in
order to enable frequent and, subject to the granularity of the
servo tracks in the servo band, very accurate estimates of
servo channel parameters such as the lateral position thereby
enabling improved tape head positioning at a much wider tape
velocity range and supporting larger bandwidth head actua-
tion.

Preferably, the high density servo patterns in the multiple
servo tracks are the sole servo patterns 1n the servo band, and
in particular there 1s no additional frame based servo pattern
provided 1n the same servo band.

The embodiments of the present invention may enable an
increase in data track density envisaged for future tape drives,
given that the lateral position of the tape head or 1ts module
and potentially 1ts skew with respect to tape can be deter-
mined at a finer scale, at a higher estimation rate, and with
lower latency compared to conventional tape storage systems.
The high density servo pattern may allow for a repetition rate
of head lateral position estimates sutficiently high to guaran-
tee proper track following operation even at a very low tape
velocity. In addition, actuators of future tape heads with large
bandwidths are supported. Hence, the presently mtroduced
new servo format for tape storage media targets 1.a. BaFe tape
media, with 4 or 8 data bands, and with 32 or 64 parallel data
channel, as possible applications. Hence, a deviation 1n the
position error signal (PES) 1s minimized thus enabling (data)
track density scaling for tape capacities of up to hundreds of
terabytes. In addition, data rate scaling with host computer
requirements through the support of a wider velocity range
may be improved. Furthermore, the high density pattern may
also be utilized to generate a reference periodic signal (pilot
signal) for aiding the timing recovery process for data detec-
tion in the data channels.

Servo patterns of the present kind may be written during
tape manufacturing, or may be written during operation of the
tape storage medium in a tape drive, 1.€. by self servo writing.
In the servo writing during tape manufacturing, a write head
for writing the servo patterns into the servo band 1s preferred
to enable writing the different servo patterns to the different
servo tracks at the same time, 1.e. the servo patterns are
written to the multiple adjacent servo tracks of the reel, 1.¢. the
tape 1s required to pass the write head only once for writing
the desired servo patterns. In a preferred embodiment, con-
tinuous writing 1s applied for writing the servo patterns to the
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tape. In continuous writing, which 1s also denoted as trailing-
edge writing, the write head continuously writes without
interruption, 1.e. a current applied to the write head 1s con-
tinuously switched between positive and negative current
values. This enables writing features that are much smaller
than when using pulsed writing 1n which the current 1s
switched on and off while moving the tape by the write head.

In self servo writing the servo patterns are written concur-
rently with the writing of data tracks. In this case, a tape head
module preferably hosts an additional writer, acting as seli-
servo writer, and a dedicated self-servo reader. Note that a
placement of a self-servo writer/reader pair can be anywhere
within the tape head, e.g., 1n the center. Also note that, in
principle, more than one selif-servo writer/reader pair can be
implemented 1n the tape head module. Note that further infor-
mation can be embedded 1n the pseudo noise sequence pat-
terns (LPOS, band ID, etc.) by, e.g., modulating the ampli-
tude, phase or polarity of the pseudo noise sequences, or
leaving short gaps between bursts of each pseudo noise
sequence, and encoding the information 1n the presence or
absence of a gap or 1n the length of a gap. Even 1n the event of
such gaps, the associated servo pattern may be considered as
a frameless continuous servo pattern. For example, a gap
could be considered as part of the pseudo noise sequence, e.g.
by not restricting a sequence to binary symbols. In another
embodiment, the additional information may be encoded 1n
one or more of the servo tracks by one or more additional
pseudo noise sequences interleaved with the pseudo noise
sequence which 1s characteristic for the servo track.

According to another aspect of the invention, a tape drive 1s
provided comprising a tape head. The tape head contains at
least a one servo reader assigned for reading from the servo
band. In one embodiment, the tape head comprises only a
single servo reader in a dimension orthogonal to the longitu-
dinal extension of the tape storage medium when arranged 1n
the tape drive for reading from the servo band. In another
embodiment, two servo readers for reading from the servo
band are arranged adjacent but separate from each other
orthogonal to the longitudinal extension of the tape.

Preferably, a width of the servo reader orthogonal to the
longitudinal extension of the tape storage medium when
arranged 1n the tape drive 1s at least a width of a servo track 1n
the servo band orthogonal to the longitudinal extension of the
tape storage medium. Applying multiple servo readers later-
ally offset and each with a width smaller than the width of the
servo track shall be encompassed by this definition, too.

In case of two servo readers one of the servo readers may
read 1n a forward tape motion direction and the second servo
reader may read 1n a backward tape motion direction.

FIG. 1 provides an illustration of a section of a servo band
SB contributing to a tape storage medium TP together with
data bands and possibly further servo bands. The servo band
SB extends along a longitudinal axis x which at the same time
represents the direction into which the tape storage medium
TP extends, and along which the tape storage medium TP 1s
moved during operation, 1.e. the tape moving direction TMD.
Preferably, the servo band SB extends all along the longitu-
dinal extension of the tape storage medium TP such that the
shown servo patterns represent only a very small cut whereas
in practice the shown servo patterns are repeated for several
million times along the tape storage medium TP in each servo
band SB.

For 1llustrating a sample servo band/data band structure on
a tape storage medium 1t 1s referred to FIG. 2. In this sche-
matic top view on a section of a tape storage medium TP the
tape TP has a longitudinal extension i x direction and a
lateral extension in y direction. The longitudinal extension 1n
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x direction 1s parallel to a tape motion direction TMD), assum-
ing there 1s no tape skew. Servo bands SB and data bands DB
extend along the longitudinal extension of the tape TP. Each
data band DB i1s arranged 1n between two servo bands SB.
Each data band DB contains multiple data tracks not shown 1n
detail wherein preferably multiple of these data tracks of a
data band DB are written and/or read simultaneously 1n case
a tape head of the tape drive provides multiple write and/or
read elements. Each servo band SB contains servo patterns
arranged along the longitudinal extension of the tape TP, such
as shown 1n FIG. 1. In particular, a cutout Z of the top most
servo band SB may be 1llustrated 1n FIG. 1.

While reading and/or writing data from and/or to the tape,
the tape moves relative to a tape head in the longitudinal
direction x. In addition, the tape head preferably 1s movable 1n
the lateral direction v, 1.e., transverse to the direction X, by
means of a suitable actuator. However, due to a lateral offset
of the tape with respect to the tape head, a misalignment of
both may occur. For realigning the tape with the tape head, the
position of the tape head relative to the tape 1s estimated from
the signal obtained by reading the servo patterns 1n the servo
band.

Returning to FIG. 1, the servo band SB i1s organized 1n
multiple parallel servo tracks STx. In the present embodi-
ment, six adjacent servo tracks ST1 to ST6 are provided,
however, any number of servo tracks >2 may be provided
subject to the sensitivity in lateral position sensing to be
achieved, subject to a width provided for the servo band SB,
and subject to a width wSR of an assigned servo reader. It 1s
assumed that each servo track STX 1s of the same width wST
in lateral dimension vy, 1.e. orthogonal to the longitudinal
extension of the tape TP. Each servo track STx contains a
dedicated servo pattern. The servo pattern 1n a servo track of
the servo band SB may preferably be characterized by being
a continuous servo pattern extending all along the servo band
and consequently all along the tape storage medium TP, and
be characterized by being a frameless servo pattern such that
lateral position information may be derived from the servo
pattern continuously while reading with the servo reader SR
without the need to wait for the completion of reading an
entire servo frame FR, as 1s the case, when operating with a
frame based servo pattern.

Preferably, the storage patterns at least of adjacent servo
tracks differ from each other such that they are orthogonal as
previously described.

In the embodiment as 1s shown 1n FIG. 1, the servo pattern
in each servo track STx may contain pseudo noise sequences
PN_x. In the present example, three different pseudo noise
sequences PN_A, PN_B and PN_C are used, wherein 1n servo
track ST1a repetition of pseudo noise sequence PN_A con-
tributes to the servo pattern, in servo track ST2 a repetition of
pseudo noise sequence PN_B contributes to the servo pattern
and 1n servo track ST3 a repetition of pseudo noise sequence
PN_C contributes to the servo pattern. In the present example,
every two adjacent servo tracks STxX contain a servo pattern
based on different pseudo noise sequence. Moreover, the
same servo pattern 1s applied to every third servo track, such
that the servo tracks ST1 and ST4 contain the 1dentical servo
pattern. So do the servo tracks ST2 and ST3, and ST3 and ST6
respectively. Hence, triplets of servo tracks STx are 1dentical
to each other. In a preferred embodiment, 1t 1s preferred that
the set of servo tracks 1s organized 1nto triplets of 1dentical
servo tracks wherein 1n each triplet waveiforms originating
from three different pseudo noise sequences are used.

The servo reader SR assigned to presently read the servo
band SB of the tape TP has the width wSR of at least the width

ofeach servo track STx, 1.e. wSR >=wS'T, and 1n case of servo
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tracks of different width of at least the width of the servo track
with the smallest width. The width wSR of the servo reader
SR reflects 1ts extension into lateral direction, 1.e. orthogonal
to the longitudinal extension of the tape TP. Preferably, the
width wSR of the servo reader SR 1s more than the width wST
ol each servo track STX such as 1s shown 1n the embodiment
of FIG. 1.

While moving the tape TP across the tape head including
the servo reader SR 1n tape motion direction TMD, the servo
reader SR provides a sensor signal, also denoted as readback
signal, containing at least components of two of the three
pseudo noise sequences PN_A, PN_B, PN_C 1n view of the
width wSR of the servo reader SR exceeding the width wST
of the servo tracks STx. Subject to the lateral position of the
servo reader SR, energies of the two or three pseudo noise
sequence components in the readback signal vary. From the
presence and the energies dertved by correlating the readback
signal width the known PN sequences, a lateral position value
of the servo reader SR with respect to the tape TP can be
derived.

In a preferred embodiment, additional information may be
encoded into the servo tracks. Such additional information
may, for example, be the presently scanned longitudinal posi-
tion of the tape. Such longitudinal position information, also
denoted as LPOS, may 1n one embodiment be encoded in the
servo patterns of all servo tracks. Hence, the longitudinal
position of the tape may be i1dentified based on the LPOS
information read by the servo reader. The LPOS information
may be used for winding the tape media to a grven longitudi-
nal position and, for example, starting reading and/or writing
at such specified longitudinal position. Other information
such as manufacturing information may be added too, prei-
erably to each servo track, which, for example, may indicate
the manufacturer of the tape cartridge, the date of manufac-
turing the tape cartridge, information as to the standard the
present cartridge may conform to, etc. Other additional infor-
mation may be a servo band identifier or an i1dentifier of a
servo track subset identifier, such as, for example, for 1denti-
tying 1n which servo track subset, e.g. triplet, the servo reader
currently reads from. This information may be due to its
nature different 1n each servo band or each servo track subset.

Generally, the presently imntroduced new servo format with
a set of servo tracks adjacent to each other may claim the same
width wSB of the tape see FIG. 1, as previously used servo
formats may have. In other embodiments, the presently 1ntro-
duced new servo format with a set of servo tracks adjacent to
cach other may claim a width wSB of the tape smaller than
previously used servo formats.

FI1G. 3 1llustrates in diagram a) a section of a servo band SB
according to an embodiment of the present invention, which
servo band SB contains multiple high density servo patterns
arranged 1n several servo tracks ST1 to ST4 parallel to each
other. The four servo tracks ST1 to ST4 are only exemplary
tor 1llustration purposes. In this embodiment, the high density
patterns are represented by bit patterns representing pseudo
noise sequences. In particular, cyclic pseudo noise sequences
of magnetic transitions with good cross-correlation proper-
ties are used not only 1n adjacent servo tracks ST1 to ST4 but
in all servo tracks ST1 to ST4. Diagram 3b) 1s a cutout of the
first servo tracks ST1 and ST2 of the servo band SB of
diagram 3a): A first pseudo noise sequence PN_A 1s used 1n
servo track ST1 having a length of 76 um and containing 31
symbols, which results 1n a symbol length of 2.45 um. For
example, assuming a tape velocity of 5.1 m/s, the pseudo
noise sequence repetition interval 1s equal to 14.9 us. A sym-
bol refers to the length of one bit 1n the wavetform. In servo
track ST2, a second pseudo noise sequence PN_B 1s used,
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again having a length of 76 um and containing 31 symbols.
The other servo tracks ST3 and ST4 may contain further
different pseudo noise sequences PN_C and PN_D at the
same length. The arrows 1n diagram 35) only reflect different
pseudo noise sequences 1n general. A servo reader SR 1s
shown 1n diagram 3b) with a width corresponding to the width
of the servo tracks STx.

In diagram 3c¢), a readback signal 1s shown in the time
domain for the servo reader SR being positioned according to
diagram 35) and covering the first and the second servo track
ST1 and ST2 to the same extent. The readback signal may
preferably be supplied, in the present example, to four corr-
clators where 1t 1s correlated with the four pseudo noise
sequences PN_A. PN_B, PN_C, PN_D. The output of the
correlators 1s shown in diagram 3d), wherein the positive
peaks originate from the correlation of the readback signal
with the first pseudo noise sequence PN_A and the negative
peaks originate from the correlation of the readback signal
with the second pseudo noise sequence PN_B such that the
presence of these two pseudo noise sequences can clearly be
derived from the readback signal. Further, when looking at
the amplitudes/magnitudes of the peaks 1n the accumulated
output of the correlators, 1t can be derived that both pseudo
noise sequences appear with equal energies given that the
servo reader SR overlaps both servo tracks ST1 and ST2 to the
same extent. In any case, the adjacent servo patterns are
chosen such that they show very low cross correlation values
and thus can be discriminated with negligible interference. In
the present example, the tape 1s assumed to be moved at a
speed of 5.1 mv/s.

The results presented above have been obtained by assum-
ing periect alignment between the

phases of the pseudo noise sequences. This means that the
correlation peaks at the output of the correlators of the detec-
tor occur at the same time 1nstants. If the assumption of

perfect phase alignment 1s removed, there 1s a finite range
of phase shiits between the pseudo noise sequences, within
which the cross-correlation values between pseudo noise
sequences can be considered negligible for the computation
of the PES estimates. In a preferred embodiment, a phase shift
between pseudo noise sequences of adjacent servo tracks are
within £12.5% of the symbol length for assuming the cross-
correlation between the two pseudo noise sequences to be
negligible. In case a phase shiit between the pseudo noise
sequences ol adjacent servo tracks cannot be controlled while
writing the pseudo noise sequences, 1t 1s preferred to estimate
a phase shift and apply cancellation techniques to subtract a
cross correlation term from the correlation peak value at the
output of each correlator.

Hence, in general the servo reader provides a readback
signal that can be filtered by correlators matched to the
pseudo noise sequences used for determining a lateral posi-
tion value. The servo patterns in the servo band may also be
used to generate a pilot signal supporting a timing recovery
process of data in the data tracks. A servo reader position
relative to an edge between adjacent servo patterns of adja-
cent servo tracks in the servo band can be derived from the
readback signal of the servo reader that 1s provided to a
detector that detects and discriminates an energy contained 1n
the different servo patterns sensed by the servo reader. Ambi-
guity between repeating servo patterns, €.g. 1 the case of x
different servo patterns used 1n a number of servo tracks >x
may be avoided by encoding servo track subset information
into the servo tracks.

In FIG. 4 an embodiment of a servo band SB containing,
three servo tracks ST1 to ST3 1s shown with each of the servo
tracks ST1 to ST3 containing a servo pattern of magnetic




US 9,047,899 Bl

11

transitions representing different pseudo noise sequences
PN_A, PN_B and PN_C. In the present example, the first
servo track ST1 contains a servo pattern with a first pseudo
noise sequence PN_A, the second servo track ST2 contains a
second servo pattern with a second pseudo noise sequence
PN_B, and the third servo track ST3 contains a servo pattern
with a third pseudo noise sequence PN_C. Again, a servo
reader SR 1s provided with a width corresponding to the width
of each servo track STx. Hence, an edge between the second
servo track ST2 and the first servo track ST1, as 1s represented
by a lateral position of the servo reader SR as shown in
diagram 4a), can be discriminated from an edge of the second
servo track ST2 and the third servo track ST3, as 1s repre-
sented by the lateral position of the servo reader SR as shown
in diagram 4b), by means of identifying the various pseudo
noise sequences 1n the readback signal and evaluating their
energies. In the scenario of diagram 4a), 1n addition to the
second pseudo noise sequence PN_B, the first pseudo noise
sequence PN_A 1s present in the readback signal of the servo
reader SR and can be detected by a correlation analysis. The
energies of the pseudo noise sequences PN_A and PN_B 1n
the readback signal represent the relation of the servo reader
SR overlapping the first and the second servo tracks ST1 and
ST2. Given that the energy of the first pseudo noise sequence
PN_A 1s smaller than the energy of the second pseudo noise
sequence PN_B, 1t follows that the servo reader SR covers the
second servo track ST2 more than the first servo track ST1.
From a ratio of the corresponding energies a fine position of
the servo reader SR with respect to the tape can be derived. In
the scenario of diagram 454), 1n addition to the second pseudo
noise sequence PN_B, the third pseudo noise sequence PN_C
1s present 1n the readback signal of the servo reader SR and
can be detected by a spectral analysis. The energies of the
pseudo noise sequences PN_B and PN_C again represent the
relation of the servo reader SR overlapping the second and the
third servo tracks ST12 and ST3. Given that the energy of the
third pseudo noise sequence PN_C 1s smaller than the energy
of the second pseudo noise sequence PN_B, 1t follows that the
servo reader SR covers the second servo track ST2 more than
the third servo track ST3. From the ratio of the corresponding,
energies a fine position of the servo reader SR with respect to
the tape can be derived.

FIG. § 1illustrates a section of a tape storage medium
according to another embodiment of the present ivention.
Data bands DB are sandwiched 1n between servo bands SB.
The servo bands SB include high density servo patterns as
only schematically represented by vertical stripes. A varying
distance between the vertical stripes indicates that such high
density servo pattern in the servo band SB may also contain
additional information embedded such as LPOS information,
servo band ID mformation, manufacturing information, etc.

FIG. 6 shows a tflow chart according to an embodiment of
the present invention. In step S1, the method 1s started, for
example, by activating the tape drive for reading and or writ-
ing data to a tape storage medium 1n a tape cartridge inserted
into the tape drnive. It 1s assumed that the tape i1s already
positioned at the desired longitudinal position. Then, while in
step S1 the tape 1s already moved at a desired tape velocity, 1n
step S2 the servo information from the servo band 1s read.

In step S3, the servo information read by the servo reader
assigned to the servo band 1s analyzed and a lateral position
value 1s determined from the readback signal of the servo
reader. Preferably, a correlation analysis 1s performed on the
readback signal and the lateral position value i1s estimated
based on the bit patterns 1dentified 1n the readback signal.
Hence, a control signal 1s derived from the lateral position
value for controlling the actuator of the tape head for reposi-
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tioning the tape head laterally in step S4. The process contin-
ues by reading the servo information by the servo reader in
step S2, which process of course 1s continuous. The rate of
providing the lateral position values in this frameless servo
pattern 1s not limited to a servo pattern segment to be first
completely scanned before gaining information on the lateral
position. Instead, the rate of the second lateral position values
may be as fast as the length of a symbol and, of course, further
depends on the tape velocity.

FIG. 7 illustrates a block diagram of a tape drive according
to an embodiment of the present invention. The servo reader
SR provides 1ts readback signal to a control unit CU. The
readback signal of the servo reader SR 1s received by a cor-
relation entity CE and a lateral position value 1s determined.
The lateral position value 1s then converted into a position
error signal by a determination unit PES. A tape head actuator
controller AC unit translates the position error signal PES into
a control signal for the tape head actuator THA, which then
adjusts the lateral position of the tape head to which the servo
reader SR 1s attached to.

Note that 1n all the considered embodiments the high den-
sity pattern may be utilized as a reference signal for aiding the
timing recovery process for data detection 1n the data chan-
nels.

It will be understood by those skilled 1n the art that many
modifications and permutations may be made without depart-
ing from the scope of the present invention.

As will be appreciated by one skilled in the art, aspects of
the present mvention may be embodied as a tape storage
medium, a method for reading and/or writing data from and/
or to a tape storage medium, or a computer program product.
Accordingly, aspects of the present invention, 1n particular in
form of the controller/control unit, may take the form of an
entirely hardware embodiment, an entirely software embodi-
ment (including firmware, resident software, micro-code,
etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a *“cir-
cuit,” “module” or “system.” Furthermore, aspects of the
present invention, such as the write methods, may take the
form of a computer program product embodied 1n one or more
computer readable medium(s) having computer readable pro-
gram code embodied thereon.

Any combination of one or more computer readable medi-
um(s) may be utilized. The computer readable medium may
be a computer readable signal medium or a computer read-
able storage medium. A computer readable storage medium
may be, for example, but not limited to, an electronic, mag-
netic, optical, electromagnetic, inirared, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing. More specific examples (a non-exhaustive list)
of the computer readable storage medium would include the
tollowing: an electrical connection having one or more wires,
a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory ), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.
In the context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or 1n connection with an instruction
execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-mag-
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netic, optical, or any suitable combination thereof. A com-
puter readable signal medium may be any computer readable
medium that 1s not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or 1n connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, including,
but not limited to wireless, wireline, optical fiber cable, RF,
etc. or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written 1n any com-
bination of one or more programming languages, including,
an object oriented programming language such as Java,
Smalltalk, C++ or the like and conventional procedural pro-
gramming languages, such as the “C” programming language
or similar programming languages. The program code may
execute entirely on the user’s computer, partly on the user’s
computer, as a stand-alone soitware package, partly on the
user’s computer and partly on a remote computer or entirely
on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider).

Computer program instructions may be provided to a pro-
cessor of a general purpose computer, special purpose com-
puter, or other programmable data processing apparatus to
produce a machine, such that the instructions, which execute
via the processor of the computer or other programmable data
processing apparatus, create means for implementing the
functions/acts specified 1in the tlowchart and/or block diagram
block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function 1n a particular manner, such that the instructions
stored 1n the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified in the tlowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the mstructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

The mvention claimed 1s:

1. A tape storage medium, comprising at least one servo
band (SB) along a longitudinal extension (X) of the tape
storage medium (TP) for supporting to determine positional
information which servo band (SB) comprises a set of servo
tracks (STx) extending along the longitudinal extension (x) of
the tape storage medium (TP) and arranged next to each other,

wherein each servo track (STx) of the set contains a servo

pattern with a pseudo noise sequence (PN_x) of sym-
bols,

wherein the pseudo noise sequences (PN_x) of servo pat-

terns ol adjacent servo tracks (STx) are different from
each other, and

wherein the set of servo tracks (STx) contains at least three

servo tracks (STx) with different pseudo noise
sequences (PN_x).
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2. The tape storage medium according to claim 1,
wherein for each servo track (STx) of the set the magnetic
transitions in such servo track (STx) represent a periodic
wavelorm when being read, and
wherein the periodic wavelforms of adjacent servo tracks
(STx) are orthogonal to each other in the time domain.
3. The tape storage medium according to claim 2,
wherein a maximum length of a pseudo noise sequence
(PN_x) 1n any of the servo tracks (5Tx) 1s less than 100

um, or less than 20 um, or less than 10 um, or less than 2
uim.

4. The tape storage medium according to claim 1, wherein
additional information 1s encoded 1n the servo pattern of one
or more servo tracks (STx), which additional information 1s
one or more of:

Longitudinal position information,

Manufacturing mnformation,

A servo band 1dentifier,

A servo track subset 1dentifier.

5. The tape storage medium according to claim 4,

wherein the additional information 1s encoded 1n the servo

pattern of each servo track (STx) of the set, and
wherein all the additional information 1s encoded nto
the servo pattern of each servo track (STx) of the set.

6. The tape storage medium according to claim 4, wherein
the additional information 1s encoded 1n the one or more of the
servo tracks (STx) by one or more of

Amplitude modulation

Polarity modulation

Phase modulation

On-oif keying.

7. The tape storage medium according to claim 1, wherein
cach pseudo noise sequence (PN_x) comprises a sequence of
binary symbols, and wherein each servo track (STx) contains
a periodic repetition of the assigned pseudo noise sequence
(PN_x).

8. The tape drive for reading and/or writing data from
and/or to a tape storage medium according to claim 1, com-
prising a tape head (TH) containing at least one servo reader
(SR) assigned for reading from the servo band (SB), wherein
a width (wSR) of the servo reader (SR) orthogonal to the
longitudinal extension (x) of the tape storage medium (TP)
when arranged 1n the tape drive 1s at least a width (wSTX) of
a servo track (S8T) 1 the servo band (SB) orthogonal to the
longitudinal extension (x) of the tape storage medium (TP).

9. The tape drive according to claim 8,

wherein the width (wSR) of the servo reader (SR) 1s more

than the width (wS'Tx) of a servo track (S8T) 1n the servo
band (SB) and 1s not more than twice the width (wSTx)
of a servo track (ST) in the servo band (SB).

10. A method for operating a tape drive for reading and/or
writing data for and/or to a tape storage medium ('1P), the TP
comprising at least one servo band (SB) along a longitudinal
extension (X) for supporting to determine positional informa-
tion, which SB comprises a set of servo tracks (STx) extend-
ing along the longitudinal extension (x) of the tape storage
medium and arranged next to each other, said method com-
prising:

reading a servo band (SB) by a servo reader (SR), wherein

cach servo track (STx) of the set contains a servo pattern
with a pseudo noise sequence (PN_x) of symbols,
wherein the pseudo noise sequences (PN_x) of servo
patterns of adjacent servo tracks (STx) are different from
cach other, and wherein the set of servo tracks (S5Tx)
includes at least three servo tracks (STx) with different
pseudo noise sequences (PN_x),
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determining a lateral position value of a tape head (TH)
containing the servo reader (SR) relative to the tape
storage medium (TP) from a readback signal of the servo
reader (SR), the determining the lateral position value
including 1dentifying one or more pseudo noise
sequences (PN_x) 1n the readback signal of the servo
reader (SR); and

adjusting a lateral position of the tape head (TH) dependent

on the lateral position value.

11. The method according to claim 10, wherein the read-
back signal of the servo reader (SR) 1s filtered by applying
correlation operations for determining the lateral position
value.

12. The method according to claim 10, wherein one or
more ratios are built from energies of different pseudo noise
sequences (PN_x) identified, and wherein the lateral position
value 1s derived from the one or more ratios.

13. The method according to claim 10, wherein the lateral
position of the tape head (TH) 1s adjusted by a control signal
that 1s updated each time a new lateral position value 1s
determined.

14. A computer program product comprising a non-transi-
tory computer readable medium having computer readable
program code embodied therewith, the computer readable
program code comprising computer readable program code
configured to perform a method for operating a tape drive for
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reading and/or writing data for and/or to a tape storage
medium (TP), the TP comprising at least one servo band (SB)
along a longitudinal extension (x) for supporting to determine
positional mnformation, which SB comprises a set of servo
tracks (STx) extending along the longitudinal extension (x) of
the tape storage medium and arranged next to each other, said
method comprising:
reading a servo band (SB) by a servo reader (SR), wherein
cach servo track (STx) of the set contains a servo pattern
with a pseudo noise sequence (PN_x) of symbols,
wherein the pseudo noise sequences (PN_x) of servo
patterns of adjacent servo tracks (STx) are different from
cach other, and wherein the set of servo tracks (STx)
includes at least three servo tracks (STx) with different
pseudo noise sequences (PN_x),
determiming a lateral position value of a tape head (TH)
containing the servo reader (SR) relative to the tape
storage medium ('1P) from a readback signal of the servo
reader (SR), the determining the lateral position value

including 1dentifying one or more pseudo noise
sequences (PN_x) 1n the readback signal of the servo
reader (SR); and

adjusting a lateral position of the tape head (TH) dependent
on the lateral position value.
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